A comprehensive review of the literature relating to the pathology and management of the diabetic foot is presented. This should provide a guide for the treatment of ulcers, Charcot neuro-arthropathy and fractures involving the foot and ankle in diabetic patients.
The World Health Organisation estimated that 150 million people suffered from diabetes mellitus in the year 2000. 1 This figure is projected to rise to 366 million by 2030. 1 In the United Kingdom the cost of treatment of diabetes is thought to account for 9% of the National Health Service (NHS) hospital budget 2, 3 or 5% of the overall NHS budget. More than half of this is spent treating the complications. 4 With high costs and a high prevalence there will be increased focus on the treatment of the diabetic foot in health-care systems which are driven by finance. Presumably it will be less expensive to prevent complications than to manage their consequences. 5 The diabetic foot presents in many different ways to the orthopaedic surgeon. 4 Nevertheless, broadly there are two groups of patients. First, there are those whose problems result from complications of diabetes which include ulceration, infection and Charcot neuro-arthropathy. Secondly, there are those with a routine problem who coincidentally have diabetes.
Our aim is to provide a basic framework outlining the rationale of diabetic foot care.
Aetiology
Diabetes leads to two major conditions affecting the foot, neuropathy and vasculopathy. These, in varying combinations, lead to the protean presentation of diabetes in the foot. Neuropathy. Diabetic neuropathy affects the sensory, motor and autonomic nervous system to varying degrees. It is progressive and irreversible and is present in up to 30% of diabetic patients attending hospital. 6, 7 The cause is thought to be an ischaemic insult secondary to damage to the vasa nervorum.
The patient may present with the 'negative symptom' of numbness in the feet, 8 but more commonly presentation is insidious until the onset of complications. The sensory deficit is below the knee, with greater density distally. Occasionally, the distal upper limbs are also involved. Positive symptoms, such as burning pain and paraesthesia, 9 are less common in diabetic as opposed to other types of neuropathy. It is important to realise that the sensory neuropathy, and not vascular disease, is the primary cause of most foot conditions in diabetic patients. Autonomic neuropathy leads to stiff, dry, and scaly skin, which may crack because of its inflexibility, leading to soft-tissue infection. Motor changes are seen less commonly. Occasionally, patients present with mononeuritis, usually of the peroneal nerve, resulting in foot drop. Motor neuropathy is expressed through its effect on the intrinsic musculature, primarily seen as clawing and hammering of the toes. Vasculopathy. Diabetic vascular disease involves large and small arteries as well as the microcirculation. Arteriosclerosis in diabetics is more common, more aggressive and more diffuse than that in non-diabetics. The incidence is approximately 45% after 20 years of duration of the disease. 10 Unlike non-diabetic arteriosclerosis, involvement below the popliteal trifurcation is common, and the occlusive lesions are diffuse, rather than discrete. Macrovascular disease also causes characteristic circumferential calcification of the tunica media, leading to the radiological 'lead-pipe' appearance of the arteries in the distal limbs. There are also abnormalities of the small vessels and diffusion abnormalities of the capillaries.
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Imaging and assessment of the diabetic foot Neurological assessment. The importance of a good history and clinical examination of neuropathy cannot be overemphasised. Failure to recognise neuropathy can have disastrous consequences in the diabetic patient with an otherwise uncomplicated fracture of the foot and ankle. The use of the 128 Hz tuning fork 12, 13 and the 10 g Semmes-Weinstein monofilament is cheap and effective in screening for diabetic peripheral neuropathy. [14] [15] [16] [17] Vascular assessment. The clinical history and palpation of the pulses remain the mainstay of vascular assessment in the diabetic foot. The presence of pulses and the absence of symptoms has a negative predictive value of 96% in excluding peripheral vascular disease in large vessels. 18 However, the absence of pulses has a sensitivity of 71% in predicting peripheral vascular disease, and dictates the need for further vascular assessment. 18 Indices of ankle/brachial pressure are often unreliable in diabetic patients as a result of the non-compressibility of calcified arteries, leading to false elevation of the index. Apelqvist et al 19 showed that toe pressures were more reliable, with healing of 85% at pressures greater than 45 mmHg and of 36% between 30 mmHg and 45 mmHg. Transcutaneous oxygen tension greater than 30 mmHg has a positive predictive value for healing of 90%, although the equipment for measuring is expensive and the testing complex and timeconsuming. 20 In selected cases arterial bypass below the knee allows salvage of the foot. Distal grafting has given encouraging results, with grafting of dorsalis pedis having limb-salvage rates of 87% at five years.
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Imaging of the diabetic foot. The main question to be resolved in imaging the diabetic foot is to ascertain whether infection is present or not. In the red, hot, swollen foot differentiating infection from Charcot arthropathy may be necessary.
Standing radiographs in two planes have been shown to have a sensitivity of only 62% to 75% in demonstrating osteomyelitis. 22, 23 Diabetic osteolysis distal to the midfoot results in pencilling of the distal metatarsals and vanishing phalanges. 24 It may not be an infective process, but is in all probability due to hyperaemia. Radiological changes in the absence of a current or a preceding soft-tissue wound rarely represent osteomyelitis, since infection almost always occurs in the diabetic foot by direct extension from adjacent infected soft tissue.
Triple-phase bone scanning has been shown by Jay et al 25 to be non-contributory to treatment. Technetium scanning only has a sensitivity of 70% to 95% with a specificity of 43% to 89%. 26 It should be borne in mind that positive bone scans can occur as a result of Charcot arthropathy. Indium scans alone are also of limited value, with a sensitivity of 79% and a specificity of 78% for osteomyelitis. 27 Dual scanning with indium and technetium is more accurate, but still has limitations with only a sensitivity of 93% and a specificity of 83% 28, 29 in localising infection to the bone or soft tissues and is technically demanding.
MRI cannot distinguish between infective oedema and that attributable to Charcot arthropathy. 30 The main value of MRI is its sensitivity since it has an extremely low falsenegative rate which may justify its use in early diagnosis to prevent amputation.
Imaging of the foot is therefore complex and must be taken in the context of the clinical picture. Other than plain radiography, it is infrequently required.
Treatment
As a result of the differing aetiologies and multi-organ involvement, care of the diabetic foot requires a multidisciplinary approach. The team may include vascular surgeons, endocrinologists, specialists in infectious disease, rehabilitation physicians, orthotists, prosthetists and podiatrists, as well as orthopaedic surgeons.
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Ulceration. Ulceration is common in diabetics and is the most common cause of soft-tissue infection leading to hospitalisation and amputation. Boyko et al 14 showed that 17% of diabetic patients developed an ulcer over a period of three years. The primary aetiology of ulceration is excessive pressure on the soft tissues in an insensate foot. This may be exacerbated by poor vascularity and deformity.
It has been shown in an animal model of pressure ulceration that repetitive, blunt trauma of low or moderate degree has a cumulative effect, causing tissue inflammation and subsequent necrosis. 32, 33 The site of the ulceration is indicative of its cause. Plantar ulceration is due to weightbearing whereas ulcers on the dorsum and borders of the foot are usually caused by the pressure of shoes. 34 In treating an infected ulcer or a deep infection, the patient's general condition, including control of the blood sugar should be optimised. The location, appearance, depth and size of the ulcer should be recorded and the presence or absence of infection noted.
The initial step is to treat the infection. It must be understood that superficial swabs do not accurately represent the deep microbiology. Deep cultures should be obtained. Diabetic infections are characteristically polymicrobial, and empiric antibiotic regimens should reflect this. Definitive antibiotic regimens, based on cultures, generally require more than one antibiotic. Microbiological advice is frequently appropriate.
The treatment of ulceration was first classified and rationalised by Wagner. 35 Brodsky 36 observed that Wagner grade-4 and grade-5 ulcers were ischaemic and therefore modified the original numerical classification to an alphanumeric pattern (Table I ). The numerical grade describes the depth of the ulcer and the alphabet grade the vascularity and these assessments of the ulcer determine treatment (Fig. 1 ). The grades are described as follows: Grade 0. In the foot at risk there is a loss of protective sensibility. The foot requires regular examination and accommodative shoes, including a total contact insole. The insole is contoured to the shape of the foot and made of at least two layers, the upper layer being soft and conforming.
Contracture of the tendo-Achillis occurs in diabetics and leads to an increase in peak forefoot pressures 37 with consequent ulceration. Peak plantar pressure and recurrence rates of ulcers are 50% lower at two years in patients who have had lengthening of tendo-Achillis. 34 A gastrocsoleus slide may be used in patients with recurrent plantar ulceration and ankle dorsiflexion of less than 5°. Nevertheless, lengthening of tendo-Achillis should be undertaken selectively since it has been shown that at eight months the forefoot pressure returns to normal, but plantar flexion remains weak. 38 Grade 1. These ulcers are superficial with a granulating base and no exposed deep structures. There is no consensus as to the optimal dressing probably because the paramount factor in treatment is reduction of plantar pressure. There are numerous ways of achieving this including nonweight-bearing, the wearing of plastazote shoes and total contact casts. The last remains the treatment of choice for reducing plantar pressure, [39] [40] [41] [42] [43] [44] particularly under the forefoot and midfoot.
In addition to pressure relief, the cast also reduces swelling. Total contact casts can be made using several different techniques, but fabrication is unique in two major ways. 45 First, the padding is reduced, except over bony prominences, to allow uniform distribution of pressure and to reduce loosening of the cast. Secondly, the toes can be enclosed to redistribute pressure away from the metatarsal heads. Enclosure of the toes also reduces their rubbing against the edge of the cast.
The use of complete non-weight-bearing is both impractical and illusory. 46 It is impractical in patients who are otherwise ill and debilitated with impaired eyesight. It is illusory because patients with peripheral neuropathy are unable to perceive whether or not they are truly bearing weight on the limb. In one study, weight-bearing in the first 48 hours was shown to delay healing of the ulcer, 40 but otherwise it made no difference. Thus, minimal weight-bearing at least is allowed. The cast is changed after the first week, since the reduction in oedema can be very dramatic, leaving the cast loose. After this it is usually changed every two weeks. With appropriate total contact casting, 90% healing of grade-1 ulcers has been reported at six weeks. 40 Casting is often continued for one to three weeks after healing to allow the newly epitheliaised wound to mature. If the ulcer fails to heal this may be due to an underlying bony prominence, undiagnosed deep infection or persisting vascular insufficiency. Nevertheless, the most common aetiology is a prominent bone, which may necessitate surgical reconstruction. Table II shows some of the surgical options for correction of deformity leading to recurrent ulcerations. Grade 2. These ulcers are deeper with an exposed tendon or joint. They usually require formal surgical debridement of exposed and devitalised tissue. Most cannot be treated solely by total contact casting. The presence of copious draining synovial fluid is a poor prognostic indicator for healing and these patients often develop septic arthritis and osteomyelitis with the ulcer being reclassified as grade 3. Grade 3. These ulcers show exposed bone, osteomyelitis or an abscess. Intravenous antibiotics cannot be used as the sole method of treatment. Removal of the infected bone or drainage of the abscess should be undertaken.
Differentiating between a grade-2 and grade-3 ulcer can be aided by the probe test as described by Grayson et al. 47 The wound is palpated with a sterile, blunt, solid probe to determine whether there is bone at the base of the ulcer. The reliability of the probe in predicting osteomyelitis is controversial. 48 Nevertheless, the true value of the probe test is its ability to exclude osteomyelitis with a negative predictive value of 98%. 49 Unreconstructable vascular disease may necessitate amputation, but in the presence of reconstructable vasculature the outcome in grade-3 lesions is more favourable. It depends upon the location of the deep infection. In the forefoot, resection of infected bone or extensive debridement of soft-tissue infection is compatible with salvage of the foot, and even retention of foot length. This may take the form of amputation of a ray or toe, or of aggressive debridement of the infected area, including bone and soft tissue. With such treatment and preservation of the skin envelope, loose primary closure can often be achieved. This allows quicker healing. Ideally, the skin flaps are maximised and the infected area is excised en bloc. The wound should be lavaged with copious amounts of sterile saline. Microbiological specimens are taken at the end of the debridement to determine the level of infection of the residual wound. Depending on the results of cultures, the length of the post-operative course of antibiotics varies between two and six weeks.
Even if partial amputation is required, with current surgical techniques, salvage of the foot is the rule, rather than the exception. If the osteomyelitis involves the midfoot, Chopart (talonavicular-calcaneocuboid disarticulation) or a Syme amputation are often successful. If the osteomyelitis involves the hindfoot, the key issue is the ability to salvage the heel. Without a heel which has viable and stable softtissue cover, salvage of the foot is precluded. The exceptions are patients with limited infection of the posterior calcaneal tubercle. In these, partial calcanectomy can often salvage the foot. The patient will usually need to wear a shoe with an ankle-foot orthosis.
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Charcot neuro-arthropathy. Diabetes mellitus is the most common cause of Charcot neuro-arthropathy in the Western world. 51 Two principal pathways for the disease have been proposed. The neurotraumatic theory suggests that the loss of neuroprotection causes repetitive microtrauma. The opposing hypothesis, the neurovascular, is that sympathetic neuropathy results in hyperaemia. This leads to increased osteoclastic activity resulting in bone resorption and fragmentation. In all probability both processes are involved. Saltzman's group 52 has shown that patterns of fracture in Charcot neuro-arthropathy are more common in the ankle and forefoot, whereas dislocation predominates in the midfoot. The patterns of fracture in neuroarthropathy is associated with a low peripheral bone mineral density, whereas in dislocation the peripheral bone mineral density in normal.
In the acute phase the foot is typically swollen and inflamed. It is not dysvascular, although the pulses may be obscured by extensive swelling. Most patients with Charcot arthropathy experience pain, although the pain is not commensurate with the degree of injury. Clinically, it may be dif- ficult to distinguish the inflammation of an acute Charcot foot from that of infection. Technetium 99 scans are unhelpful. MRI is often non-specific and inconclusive. Pragmatically, the development of deep infection is extremely unlikely in the absence of disruption to the skin, prior ulceration or previous surgery. Deep infection in the diabetic foot almost always occurs by extension from a contiguous soft-tissue focus, and almost never as the result of haematogenous seeding. Thus, if the skin has not been breached, the likely diagnosis is a non-infected Charcot arthropathy.
The natural history of the Charcot foot is one of gradual healing over many months. It can take more than a year. As the acute inflammation and swelling subside new bone forms, leading to consolidation of the foot. The goal of treatment is to maintain a plantigrade foot which will allow weight-bearing in a shoe or brace.
The mainstay of the treatment of Charcot arthropathy is a total contact cast, to maintain position during the healing phase. As the foot heals the patient is weaned into a removable pre-fabricated brace or a bivalved custom-moulded polypropylene ankle-foot orthosis. 53 When the radiographs show evidence of healing and the temperature of the foot returns to normal the patient is then fitted with an accommodative shoe with a moulded insole.
The incidence of diabetic neuroarthropathy varies among the anatomical regions of the foot and ankle (Fig. 2) . Approximately 70% of cases affect the tarsometatarsal joint (type 1). 54 Type-1 disease is the least likely to require surgical stabilisation, although the most common type to cause plantar ulceration. Type-2 disease involves the midtarsal and subtalar joints and accounts for approximately 20% of cases. Type-3 disease affects approximately 10% of patients, and occurs mainly in the ankle. Type 2 and type 3 are the most likely to progress to instability and often require long-term bracing or surgical reconstruction.
The major complication of Charcot neuro-arthropathy is deformity leading to secondary ulceration. 55 Type-1 injuries lead to a rocker-bottom foot with ulceration under the midfoot. In most cases this can be treated by a simple exostectomy, when an incision is made on the border of the foot and the prominent bone excised. 56 Occasionally, an arthrodesis with internal fixation is required. Occasionally, severe deformity develops in the coronal plane. This is most commonly seen in type-3a ankles. It is possible to treat these patients in a bivalved ankle-foot orthosis but in many cases surgical stabilisation is required. A combined ankle and subtalar fusion with transcalcaneal nail fixation is often used. 57 Surgery is undertaken once the acute inflammatory stages have subsided, and bony consolidation has begun.
Type-3b disease is an avulsion of the insertion of tendoAchillis. This is similar to the parrot-beak calcaneal fracture, but in the diabetic it does not require surgical reduction and fixation. A short period of treatment in a cast and then provision of a shoe with a heel raise are adequate. Our opinion is that most patients with Charcot neuroarthropathy can be treated non-operatively and stabilised in a total contact cast. Fractures. In diabetic patients fractures of the foot and ankle merit special consideration. In the presence of diabetic neuropathy there is no absolute distinction between Charcot neuro-arthropathy and traumatic fracture. In this section we discuss the treatment of acute ankle fractures caused by trauma in diabetics.
It should be noted that there is a high rate of complication from ankle fractures in diabetic patients. 58, 59 It is important to be aware of the diagnosis of diabetes and document the presence or absence of neuropathy, vascular disease and other diabetic complications. 60 Diabetic patients with an acute fracture of the ankle who have a history of previous Charcot neuroarthropathy have a poor prognosis, even if the neuro-arthropathy is in another anatomical site. 61 Complications include nonunion, loss of fixation, malunion, wound problems and severe deformity from secondary Charcot neuro-arthropathy. Peripheral neuropathy is the most common cause of these complications followed by vascular disease. 60 In the diabetic patient with an acute ankle fracture the reconstruction of severely compromised arterial circulation takes priority. If vascular reconstruction is not achievable then surgical reconstruction may result in below-knee amputation. Non-operative treatment is mandatory, but prone to failure. Costigan, Thordarson and Debnath 62 showed that ten of 12 patients with absent foot pulses developed complications.
Stable ankle fractures are typically treated nonoperatively with an increased duration of immobilisation. 60 Unstable ankle fractures should be treated operatively in diabetics who do not have peripheral vascular disease. There are no randomised controlled trials to support operative intervention, but we believe that in displaced fractures, early stability and alignment should be achieved by fixation. This provides a stable environment for the healing of the soft tissues and the fracture. In the largest series of operatively treated diabetic fractures treated to date there was an overall complication rate of 14%. 63 This is high, but lower than that reported in non-operatively treated fractures. Flynn et al 59 showed that the rate of infection after surgery was increased in diabetics. Nevertheless, the highest rate was seen in the diabetics treated nonoperatively in plaster (four of six patients).
Effective fixation in diabetics with peripheral osteoporosis can be challenging, especially as bulky implants cannot be used in the presence of poor soft tissues. Use of the antiglide technique with a plate over the posterior fibula can maximise stability when bone quality is poor. Augmentation by transarticular, subcutaneous pins has been advocated. 53 Adequate post-operative immobilisation is thought to be important to reduce the risk of Charcot neuro-arthropathy. Johnson 53 has suggested that the immobilisation time should be increased in all patients with neuropathy, and advocates a period of non-weight-bearing of three months followed by weight-bearing in a cast for a further two to three months. This is then followed by the use of a brace for one year. We suggest doubling of the standard immobilisation time.
In summary, patients with diabetic foot problems present a host of problems and challenges, and often an acute orthopaedic problem. Recognition of the particular risks and complications is critical to achieving a satisfactory outcome in this ever-increasing group of patients.
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